Human metapneumovirus (hMPV) is a common cause of respiratory tract infection in the paediatrics population. Recently, we and others have shown that retinoic acid-inducible gene 1 (RIG-I)-like receptors (RLRs) are essential for hMPV-induced cellular antiviral signalling. However, the contribution of those receptors to host immunity against pulmonary hMPV infection is largely unexplored. In this study, mice deficient in mitochondrial antiviral-signalling protein (MAVS), an adaptor of RLRs, were used to investigate the role(s) of these receptors in pulmonary immune responses to hMPV infection. MAVS deletion significantly impaired the induction of antiviral and pro-inflammatory cytokines and the recruitment of immune cells to the bronchoalveolar lavage fluid by hMPV. Compared with WT mice, mice lacking MAVS demonstrated decreased abilities to activate pulmonary dendritic cells (DCs) and abnormal primary T-cell responses to hMPV infection. In addition, mice deficient in MAVS had a higher peak of viral load at day 5 post-infection (p.i.) than WT mice, but were able to clear hMPV by day 7 p.i. similarly to WT mice. Taken together, our data indicate a role of MAVS-mediated pathways in the pulmonary immune responses to hMPV infection and the early control of hMPV replication.
INTRODUCTION
Human metapneumovirus (hMPV), a negative ssRNA virus belonging to the family Paramyxovirus, was identified in 2001 (van den Hoogen et al., 2001) . Soon after its discovery, hMPV was quickly recognized as an important cause of lower respiratory infection in infants and children worldwide (Crowe, 2004; Kahn, 2006; Principi et al., 2006; Williams et al., 2004) . Virtually all children older than 5 years show serological evidence of hMPV infection (van den Hoogen et al., 2001) . Reinfection with hMPV occurs symptomatically throughout life without significant antigenic changes, suggesting incomplete or short-lived immunity. In addition, hMPV is also associated with higher rates of hospitalization and enhanced disease severity among elderly and immunocompromised patients with respiratory tract infections (Englund et al., 2006; Falsey et al., 2003) . Given the impact of hMPV on public health, it is important to determine host factor(s) that control host immunity against hMPV infection, to facilitate the development of antiviral strategies, such as adjuvants in future hMPV vaccines and therapeutics.
We and others have shown that pattern recognition receptors belonging to the retinoic-acid-inducible protein I (RIG-I)-like receptors (RLRs) and toll-like receptors (TLRs) play a significant role in launching cell type-specific immune responses to hMPV infection (Baños-Lara et al.,the in vivo role of RLRs in hMPV-induced host immunity, especially their role in mediating immune cell functions, has not been elucidated.
Mitochondrial antiviral-signalling protein (MAVS) is an essential common adaptor for RLRs, such as RIG-I and melanoma differentiation-associated protein 5 (MDA5) (Sun et al., 2006) . In response to viral infection, the polyubiquitination and phosphorylation of MAVS are important in recruiting and activating IKK and TBK1 for the activation of NF-kB and IRF-3 and, subsequently, in the transcription of antiviral and pro-inflammatory genes (Liu et al., 2013 (Liu et al., , 2015 . In this study, we used MAVS knockout mice to determine the contribution of RLRmediated signalling to hMPV-induced host immunity in vivo. We found that MAVS is vital in inducing pulmonary innate immune responses, which include the secretion of immune mediators and the recruitment and maturation of immune cells. In addition, MAVS is critical for the initiation of T-cell responses, thereby confirming its role in immune responses to hMPV infection. To our knowledge, this report demonstrates, for the first time, a role of MAVS in controlling pulmonary immune responses against hMPV, confirming the relevance of RLR-mediated pathways in hMPV-induced host immunity.
RESULTS

MAVS is critical for innate pulmonary cytokine/ chemokine induction
Although the importance of MAVS in inducing innate cytokines and chemokines has been demonstrated in hMPV-infected airway epithelial cells, the overall role of MAVS in pulmonary innate immunity against hMPV has not been explored except for its role in producing IFNs (Ren et al., 2012; Spann et al., 2014) . In this study, we investigated the contribution of MAVS to pulmonary innate immunity by comparing the secretion of immune mediators in infected lungs of WT and MAVS 2/2 mice. In brief, WT and MAVS 2/2 mice were infected intranasally (i.n.) with hMPV, and bronchoalveolar lavage (BAL) fluid was analysed at days 1, 3 and 5 p.i. Mock infection was used as a negative control. We observed that the overall cytokine/chemokine basal level of WT and MAVS 2/2 mice was comparable, and no more than that of hMPV-infected MAVS 2/2 mice (data not shown). The induced cytokines/ chemokines in WT mice j300 pg ml 21 or i400 pg ml 21 induction at day 1 p.i. are grouped in Fig. 1(a, b) , respectively. IFNs are shown in Fig. 1(c) . As shown in Fig. 1 , many pro-inflammatory and antiviral cytokines and chemokines were induced as early as day 1 after hMPV infection. The production of these immune mediators was significantly less in MAVS 2/2 mice. In WT mice, at day 3 p.i., the induction of IL-1a, IL-12-p70, MIP-1b and IFN-b became undetectable, and the production of other mediators declined but was still detectable. However, all these immune mediators were absent in MAVS 2/2 mice. At day 5 p.i., most cytokines and chemokines were undetectable in WT and MAVS 2/2 mice, while IL-12-p40 and IFN-c were sustained in infected WT mice, but not in MAVS 2/2 mice. Overall, the data from Fig. 1 demonstrates that MAVS contributes to hMPV-induced lung innate immune responses.
MAVS affects immune cell infiltration
Immune cell migration in response to pathogen-induced chemotactic cytokines is important for immunological defence (Banchereau et al., 2000; Gill et al., 2005) . Compared with WT-infected mice, the total BAL cells in response to hMPV were significantly less in MAVS 2/2 infected mice, at days 1 and 3 p.i. (Fig. 2a) , suggesting that the pulmonary innate response to hMPV is significantly impaired by MAVS deletion. Changes in specific BAL cell populations were also investigated by cytospin or FACS. Consistent with our previous finding (Kolli et al., 2008) , we observed a remarkable neutrophilia in hMPV-infected WT mice within the first 3 days of infection, and this hMPV-enhanced neutrophilia was significantly alleviated by MAVS knockout (Fig. 2b) . It is well known that KC is a neutrophil chemoattractant. Therefore, the result regarding the impaired neutrophil infiltration was in alignment with decreased induction of KC in MAVS deficient mice by hMPV. We also found that MAVS affected lymphocyte migration at relatively late time points p.i. The numbers of lymphocytes increased by day 3 in WT mice. At days 3 and 5 p.i., MAVS 2/2 mice had significantly fewer infiltrated lymphocytes, but the deficiency was fully abrogated at day 7 p.i. (Fig. 2c) . To specify the lymphocyte population particularly affected by MAVS, we also used FACS to analyse cells in BAL. We found that the migration of both CD4 + T-cells and gamma delta T-cells (cd T-cells) was significantly impaired by MAVS at day 3 p.i., while CD8 + T-cell infiltration was impaired at day 5 p.i ( Fig. 2d-f) . Overall, the BAL cell analysis demonstrates the importance of MAVS in mediating pulmonary innate response to hMPV infection.
MAVS deficiency impairs the maturation of pulmonary dendritic cells
Dendritic cells (DC), including conventional DC (cDC) and plasmacytoid DC (pDC), generate not only cellular antiviral responses but also migrate through the afferent lymph to the lymph nodes where they prime naive Tcells, playing a significant role in bridging innate and adaptive immune responses (Guerrero-Plata et al., 2006 , 2009 . Herein, we determined the recruitment of pDC and cDC to the lung after hMPV infection in WT and MAVS 2/2 mice. We have previously demonstrated that pulmonary DC migration in response to hMPV starts at day 5 and peaks at day 8 p.i. (Guerrero-Plata et al., 2009) . Therefore, we chose these two time points to investigate the impact of MAVS on DC migration, and found comparable infiltration in WT and MAVS 2/2 mice (Fig. 3a, b ). Since DC , at indicated time points p.i., were assessed for IFN-b by ELISA. Other cytokine and chemokine production was measured by a multi-Plex Cytokine detection system. Data are mean¡ SEM from n510-12 mice in each group from three independent experiments. *P,0.05 and **P,0.01 for comparison with hMPVinfected samples from WT mice. Induced cytokines and chemokines in WT mice with levels of #300 pg ml 21 or ¢400 pg ml 21 induction at day 1 p.i. were grouped in (a) and (b), respectively. IFNs are shown in (c).
maturation, after detection, uptake and degradative processing of invading pathogens, is critical to presenting processed viral antigen to lymphocytes (Pulendran et al., 2001; Steinman & Hemmi, 2006) , we investigated whether MAVS affects DC maturation. As evident in the histogram of DC maturation markers (Fig. 3c ), the expression of CD80, CD86 and MHC class II on CD11c + lung cells of WT mice was significantly increased at day 5 p.i, compared with mock-infected mice. However, in hMPV-infected MAVS 2/2 mice, the induction of CD80 and MHC II was significantly lower (Fig. 3c) . The inhibitory effect of MAVS on hMPV-induced CD80 and MHCII maturation was minimized at day 7 p.i. (data not shown). Overall, our data demonstrates that MAVS is essential for hMPVinduced DC maturation.
MAVS controls T-cell responses
In addition to investigating the effect of MAVS on the infiltration of T-cells to BAL (Fig. 2d-f) , we also studied whether MAVS potentially regulates lung T-cell responses. We found that although the number of pulmonary CD4 + and CD8
+ T-cells was comparable in WT-and MAVS 2/2 -infected mice (Fig. 4a, b) , MAVS seemed to affect T-cell responses during primary hMPV infection. Total lung cells after infection were cultured with PMA plus ionomycin, or an hMPV-derived peptide, as we previously described (Ren et al., 2013) . The percentage, total number and mean fluorescence intensity (MFI) of IFN-c-producing CD8 + pulmonary T-cells was quantified by FACS. We found that the percentage and total number of IFNc + CD8 cells in response to hMPV-peptide stimulation seemed unaffected by MAVS deficiency (data not shown). In term of MFI, we found that mock-infected mice, WT or MAVS 2/2 had few IFN-c-producing CD8 + pulmonary T-cells (about 0.1%) and low background. Upon stimulation of hMPV-peptide, lung cells isolated from hMPVinfected WT mice showed a significant increase in the MFI of IFN-c-producing CD8 + pulmonary T-cells by hMPV-peptide simulation, but not by PMA stimulation. On the other hand, the MFI of IFN-c + CD8 cells was not significantly increased in infected MAVS 2/2 mice, demonstrating the importance of MAVS in T-cell function (Fig. 4c) .
MAVS deficiency affects pulmonary viral replication and function
MAVS was essential not only for the induction of immune mediators, but also for immune cell migration and function. Since primary hMPV replication is controlled by multiple factors, including innate antiviral chemokines and pulmonary T-cells (Guerrero-Plata et al., 2005a; Kolli et al., 2008; Spann et al., 2014) , our data suggest a possible role of MAVS in affecting hMPV replication. Therefore, we evaluated the overall effect of MAVS on viral replication by comparing viral loads in WT and mutant lungs. We found that MAVS 2/2 mice permitted more hMPV replication than WT mice at days 3 and 5 p.i., following the primary infection (Fig. 5a) . By day 7 p.i., both WT and mutant mice completely eliminated infectious particles (data not shown), suggesting that lack of MAVS does not prevent clearance. To evaluate the effect of hMPV on lung function, we first quantified the gene transcription of MUC5AC, a primary mucin gene upregulated during severe airway diseases associated with mucus overproduction (Morcillo & Cortijo, 2006; Voynow et al., 2006) . We found that WT mice produced more MUC5AC than MAVS 2/2 mice at day 2 p.i. However, hMPV induced more MUC5AC expression in MAVS 2/2 mice than WT mice at day 7 p.i. (Fig. 5b) , demonstrating that MAVS regulates lung inflammation in response to hMPV infection.
It has been previously shown that, in response to hMPV infection, BALB/c mice have modest body weight loss and rapid recovery following an initial phase (days 1 to 3) and then significant body weight loss (20% of initial weight) starting around day 5, with a peak at days 7 to 9 p.i. (Kolli et al., 2008) . Unlike BALB/c mice, mice with a B6129SF2/J background did not have a second wave of body weight loss (data not shown). Therefore, body weight was not used as a clinical parameter to determine the importance of MAVS in hMPV-induced disease pathogenesis. Since hMPV is a mucosal pathogen and airway hyperresponsiveness (AHR) is commonly used as a clinical parameter to determine the pulmonary function, AHR was investigated to evaluate the importance of MAVS in pulmonary disease following hMPV infection, as we and others previously described ( mice have comparable and low Penh values. At day 2 p.i, immediately after the peak of most chemokine/cytokine induction, the Penh values were slightly higher in WTinfected mice than in MAVS 2/2 , mice when mice were challenged by 25 mg ml 21 nebulized methacholine (Fig.  5c) . The difference in AHR of infected WT and MAVS 2/ 2 mice was diminished after day 2 p.i. (data at day 5 p.i. is shown as an example in Fig. 5d ), except at day 7 p.i., when a moderate increase in Penh value in MAVS 2/2 mice was observed, compared with WT mice (Fig. 5e) . The increased Penh in MAVS 2/2 mice at day 7 p.i. was consistent with the enhanced MUC5AC expression in MAVS deficient mice. Overall, our data demonstrate that MAVS is important for controlling hMPV-induced pulmonary responses.
DISCUSSION
We have provided in vitro evidence that MAVS is essential for the induction of antiviral and pro-inflammatory cytokines in response to hMPV infection (Ren et al., 2012) . Herein, we provide in vivo data to support our in vitro observation. The importance of MAVS in controlling immune mediators is virus-dependent. In coxsackie B virus infection, MAVS is critical for type I IFN secretion; however, inflammatory cytokine production is independent of MAVS (Wang et al., 2010) . MAVS is not critical in inducing type I IFN and inflammatory cytokines in response to lymphocytoid choriomeningitis virus (Jung et al., 2008) , and only partially responsible for the induction of type I IFN by influenza virus (Koyama et al., 2007) . The role of MAVS in controlling chemokine/cytokine induction in respiratory syncytial virus infection is similar to what we found in hMPV infection (Bhoj et al., 2008) . Therefore, these data suggest the need to investigate the role of MAVS in host immunity in a pathogen-specific manner.
We have recently demonstrated the requirement of MyD88 for hMPV-induced innate cytokine responses (Ren et al., 2013) . We found that MyD88 deficiency leads to about 30% reduction in IFN-b, while MAVS knockout abolished more than 95% of IFN-b. We have previously shown that the RIG-I-MAVS pathway dominantly regulates IFN-b secretion in airway epithelial cells (Ren et al., 2012) . Besides airway epithelial cells, pulmonary macrophages and pDCs are also major sources of type I IFN secretion, which seem to be mediated by RLR-MAVS and TLR-MyD88 pathways, respectively (Hemmi et al., 2003; Honda et al., 2005; Sun et al., 2006) . These published data, combined with current results of MAVS-dependent IFN-b secretion, suggests epithelial cells and macrophages to be key contributors to pulmonary IFN-b secretion, and that MAVS plays a significant role in IFN induction in these cells.
In addition to the role of MAVS in hMPV-induced immune mediators, we characterized the function of MAVS in immune cell infiltration and T-cell responses to hMPV infection. Although the defective cytokine response in MAVS 2/2 mice led to impaired immune cell migration to BAL, DC maturation and T-cell responses, the overall pulmonary migration of DCs and T-cells was comparable in WT and mutant mice. Although the mechanism is not clear, it is possible that hMPV-induced cytokines/chemokines in MAVS 2/2 mice met the basal requirements for DC and T-cell pulmonary migration, but was not enough for DC maturation and T-cell function. We also found that mice lacking MAVS had higher viral loads than WT mice, suggesting that MAVS contributes to immunity. However, MAVS 2/2 mice were able to clear the virus effectively. A possible answer to effective virus clearance might be the involvement of RLR-MAVS-independent antiviral pathways, which helped the MAVS 2/2 mice clear the viruses. Further studies are needed to characterize this phenomenon. Overall, our results demonstrate that MAVS is required for pulmonary immune responses. Therefore, agents that activate the RLR-MAVS pathway may serve as important adjuvants in future hMPV vaccines and therapeutics.
METHODS
hMPV preparation and titre determination. The Canadian isolate hMPV 97-83 were propagated in LLC-MK2 cells at 35 uC in the absence of serum and in the presence of 1 mg trypsin ml 21 (Worthington), and were sucrose purified, as described previously (Bao et al., 2008a (Bao et al., , 2008b Ren et al., 2012) . Viral titres of purified hMPV or infected lung were determined by immunostaining in LLC-MK2 cells, as described previously (Bao et al., 2008a (Bao et al., , 2008b Ren et al., 2012) .
Mice. Female MAVS 2/2 mice (B6;129-Mavs tm1Zjc /J) were purchased from the Jackson Laboratory and grown under specific-pathogen-free conditions at the University of Texas Medical Branch (UTMB). Ageand sex-matched control WT mice were purchased from the Jackson Laboratory as well. Mice were anaesthetized and infected intranasally (i.n.) with 10 7 p.f.u. hMPV diluted in Dulbecco's PBS (D-PBS) (Invitrogen) as described (Guerrero-Plata et al., 2005b). As mock BAL analysis. At different days p.i., BAL fluid was collected by washing the lungs two times with 1 ml D-PBS. An aliquot of BAL samples was used to determine total cell counts and counts of different types of cells, as previously described (Guerrero-Plata et al., 2005a; Kolli et al., 2008; Ren et al., 2013) . IFN-b and other cytokines/ chemokines from another aliquot of BAL samples were quantified by ELISA (PBL) and Luminex-based Bio-Plex system (Bio-Rad Laboratories) according to the manufacturer's instructions. The lower limit of detection for all cytokines measured by this assay is 3 pg ml 21 .
Real-time PCR. Lung RNA samples were prepared using Trizol (Invitrogen), quantified using a Nanodrop Spectrophotometer (Thermo Fisher Scientific) and qualified by analysis on an RNA Nano chip using the Agilent 2100 Bioanalyser (Agilent Technologies). Synthesis of cDNA was performed with 0.5 mg total RNA in a 20ul reaction using the reagents in a Taqman Reverse Transcription Reagents kit from Thermo Fisher Scientific. The reaction conditions were as follows: 25 uC, 10 min; 48 uC, 30 min; and 95 uC, 5 min. RT-PCR amplifications (performed in triplicate) were done using 1 ml cDNA in a total volume of 20 ml using a Faststart Universal SYBR Green Master Mix (Roche Applied Science). The final concentration of the primers was 300 nM. Relative RT-PCR assays were performed with either 18S RNA as a normalizer. All PCR assays were run in an ABI Prism 7500 Sequence Detection System and the conditions were as follows: 50 uC, 2 min; 95 uC, 10 min; and 40 cycles of 95 uC, 15 s and 60 uC, 1 min.
FACS analysis of leukocytes. BAL cells or total lung cells were harvested at different time points up to 8 days after mock or hMPV infection as previously described (Guerrero-Plata et al., 2009; Ren et al., 2013) . Isolated cells were incubated with anti-FccRII/FccRIII mAb (24G2; BD Biosciences). For cell-surface marker staining, an aliquot of cells was stained with the following anti-mouse antibodies: anti-CD11c, anti-I-A/I-E (MHC II), anti-CD11b, (all from BDPharmingen) and anti-mPDCA1 (Miltenyi Biotec). In a separate aliquot of samples, cells were stained with anti-CD11c and anti-MHC II in combination with anti-CD80 and anti-CD86, or stained with a combination of antibodies: anti-CD3, anti-CD4, anti-CD8 and anti-TCR c/d. Samples were stained at 4 uC in PBS with 1% FBS and analysed with a FACS Canto flow cytometer equipped with BD FACSDiva software (both from Becton Dickinson Immunocytometry Systems). Analysis was performed using WinMDI2.8 (Scripps).
CD8
1 T-cell responses. Intracellular cytokine staining was performed for CD8
+ cells during the primary infection of hMPV as we previously described (Ren et al., 2013) . In brief, lung cells were isolated on day 8 after mock or hMPV infection and then stimulated at 2.5|10 6 cells ml 21 with 50 ng phorbol 12-myristate 13-acetate (PMA) ml 21 and 500 ng ionomycin ml 21 as a control (SigmaAldrich) or an hMPV-derived peptide (VGALIFTKL, 10 mg ml 21 ) for 5 h at 37 uC (Herd et al., 2006; Rutigliano et al., 2005) . Golgi Stop (BD Biosciences) was added during the final 3.5 h. The cells were harvested, stained with anti-CD3 and -CD8 antibodies, and fixed in 2% paraformaldehyde. The cells were then stained for IFN-c using Becton Dickinson fix/perm reagent according to the manufacturer's instructions. Samples were run on a Becton Dickinson FACS Canto flow cytometer equipped with BD FACSDiva software. Analysis was performed using WinMDI2.8 (Scripps).
Airway hyperresponsiveness (AHR). AHR was assessed in unrestrained mice using whole-body barometric plethysmography (Buxco) to record enhanced pause (Penh), as previously described (Kolli et al., 2008; Ren et al., 2013) . Penh, a dimensionless value that represents a function of the ratio of peak expiratory flow to peak inspiratory flow and a function of the timing of expiration, has previously been validated in animal models of AHR (Hamelin et al., 2006; Jacoby et al., 1988; Jafri et al., 2004) . Respiratory activity was recorded for 4 min in order to establish baseline Penh values. Mice were subsequently exposed to increasing doses of nebulized methacholine (6.25, 12.5, 25 and 50 mg ml 21 ) for 1.5 min, and data were recorded for another 3 min.
Statistical analysis. Statistical significance was determined by ANOVA with a Student-Neuman-Kuhl post-test, Values of Pv0.05 were considered significant. Values for phenotype analysis, viral replication and cytokine production experiments are presented as means+SEM.
